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Relative alkali-cation affinity of polyoxyethylene (POE) dodecylethers in gas phase was studied by
electrospray ionization (ESI) mass spectrometry using dodecylether-poly-ethoxylate (C12EO:n, “n”
denotes ethyleneoxide unit number) nonionic surfactants, and possible helical conformations
of the cationized molecules were demonstrated. The alkali-cation affinity highly depended on
the cation diameters. The mass spectra of C12EO:8 cationized by alkali-metal ions were
dominated by potassiated molecules. The results indicated that the POE moiety could have
specific affinity to K ions based on a host-guest interaction between POE helix and potassium
ions. This is very similar to the relationships between 18-crown-6 and K. The ESI mass spectra
exhibited the multiply cationized C12EO:n in addition to the singly cationized molecules. The
critical EO unit numbers necessary for producing the multiply-charged cationized molecules
also depended on the cation diameters. In addition, the POE surfactants highly preferred alkali
cations to proton. The results were strongly supported by molecular mechanics/dynamics
calculations. A helical conformation of the POE moiety of C12EO:15 including two K
 ions
gave a potential minimum, while a lowest energy structure of the protonated molecule took
irregular conformations due to the formation of local hydrogen bonds. (J Am Soc Mass
Spectrom 2007, 18, 1914–1920) © 2007 American Society for Mass SpectrometryElectrospray ionization (ESI) [1] mass spectrome-try can often provide alkali-cation adducts fororganic compounds in addition to producing
their protonated molecules. In our previous work ana-
lyzing unknown polyoxyethylene nonionic surfactants,
the ESI mass spectra have exhibited their intense Na or
K adducts rather than their protonated molecules [2].
Our primary interest arose from the ESI mass spectral
results, in which the peak distribution of the surfactants
observed as K adducts, due to the polyoxyethylene
(POE) chain-length distribution, was very different
from those observed as Na adducts. Despite the same
surfactant, in other words, the chain length of the POE
homologues giving peak maxima as K adducts, were
significantly different form those giving as Na adducts
in the ESI mass spectra. It is thus estimated that the
longer POE chains may have specific and selective
affinity to alkali cations. On the other hand, a molecular
modeling simulation study has proposed an interesting
result that poly(ethylene glycol)s (PEGs) can give heli-
cal conformations in the aqueous phase [3]. According
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helical turn is comprised of four consecutive oxyethyl-
ene units. From this, we thus consider that the helical
conformation, allowing oxygen atoms toward inside,
can include alkali-metal cations inside the helix as well
as the fact that the cyclic polyethers (crown ethers) can
give specific interaction to alkali-metal cations [4–12].
Copolymers of ethylene oxide (EO) and their related
compounds are important materials in modern indus-
trial surfactant manufacturing. In addition to this, PEGs
are often used as the m/z calibration materials in the
atmospheric pressure ionization mass spectrometers
such as ESI-MS. Therefore, the mass spectral character-
istics of their alkali-cation adducts have been well
studied by many workers [13–18]. The formation of
multiply charged molecules cationized by alkali-metal
ions is widely recognized but the differences in alkali-
cation affinity have been still unclear. In addition to
this, gas-phase conformations of PEGs and/or related
copolymers associated with alkali cations have also
been presented [19–22]. Although the molecular struc-
tures of cationized EO oligomers have been character-
ized by experimental and/or theoretical methods, we
can find few data showing helical conformation of
PEGs.
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1915J Am Soc Mass Spectrom 2007, 18, 1914–1920 ALKALI-CATION AFFINITIES OF POE DODECYLETHERS BY ESIThis paper describes relative alkali-metal cation af-
finity of dodecylether-[n-mole]-ethoxylates, referred to
as C12EO:n, which are directly compared with those of
cyclic polyethers (i.e., crown ethers), by means of ESI
mass spectrometry. Stable helical conformations of cat-
ionized C12EO:n in the gas phase are proposed from the
ESI mass spectral results, and the estimated conforma-
tions of the cationized molecules are well demonstrated
by molecular mechanics/dynamics calculations using
several model C12EO:n compounds.
Experimental
Reagents
All alkali metal iodides (LiI, NaI, KI, RbI, and CsI),
and trifluoroacetic acid (TFA) were purchased from
Wako (Osaka, Japan). Pentaoxyethylenedodecylether
(dodecylether-5 mol-ethoxylate, referred to as C12EO:5, EO
denotes ethylene oxide unit, MW: 406), hexaoxyethylenedo-
decylether (dodecylether-6 mol-ethoxylate, C12EO:6, MW:
450), heptaoxyethylenedodecylether (dodecylether-7 mol-
ethoxylate, C12EO:7, MW: 494), and octaoxyethylenedode-
cylether (dodecylether-8 mol-ethoxylate, C12EO:8, MW: 538,
(Scheme 1) were purchased from Sigma (St. Louis, MO) or
Wako. These surfactants have no distribution in the
degree of oxyethylene polymerization. Other synthetic
dodecylether-n mol-ethoxylate, referred to as C12EO:
n(average) of averaged EO polymerization number 7,
13, 16, 20, and 40, were furnished by ADEKA (Tokyo,
Japan). 12-Crown-4 (MW: 176), 15-crown-5 (MW: 220),
and 18-crown-6 (MW: 264) were purchased from Wako.
Methanol of HPLC grade was purchased from Kanto
Kagaku (Tokyo, Japan). All reagents were used without
further purification. Water was purified by passing
through a Nihon Millipore (Tokyo, Japan) Direct-Q
water purification system just before use.
Instrumentation
A Shimadzu (Kyoto, Japan) LC-MS QP8000 liquid chro-
matograph/quadrupole mass spectrometer equipped
with an electrospray ionization source was used for
the measurements, which was operated like a flow-
injection system without any separation columns. The
mobile phase of 50% (vol/vol) methanol/water mixture
was delivered to the ion source at a flow rate of 0.1
mL/min. The instrumental conditions were automati-
cally tuned with a polyethyleneglycol 600 solution as a
tuning standard, typically as follows: probe voltage,
4.5 kV; skimmer cone voltage, 45 V; nebulizing gas
(N2), 4.5 L/min; CDL capillary (located between ion
source and skimmer cone) temperature, 230 °C; CDL
voltage, 31 kV; and detector gain, 2 kV. The mass
Scheme 1. A schematic structure of dodecylether-8 mol-ethoxy-
late (C12EO:8).analyzer was full-scanned at 4000 u/s in positive mode,
scanning over the range between m/z 50 and 1000. The
sample size was 5 L in all injections.
Sample Preparation
Stock solutions of 20 mM C12EO:5, 6, 7, and 8 were
prepared by dissolving a 1 mmol of each authentic
reagent into 50 mL of 50% (vol/vol) methanol-water
mixture. A stock solution of 20-mM crown ether was
also prepared in each by the same way. Similarly, a
stock solution of 1% (wt/vol) highly ethoxylated
C12EO:n(average) was prepared by dissolving a 50 mg
of each synthetic surfactant into 5 mL of 50% (vol/vol)
methanol-water mixture. A 10-mM alkali metal iodide
in 50% (vol/vol) methanol-water was prepared in each.
(1) C12EO:n–alkali-metal ion mixtures: A 10-L ali-
quot of the 20-mM C12EO:n was diluted individually
100 times by adding a 990-L aliquot of each 10-mM
cation solution, which led to 50 times molar excess of
alkali-metal ion to the individual C12EO:n (5–8). The
final solution ready for injection was 0.2 mM C12EO:n
in 10 mM cation(s). In the same way, a 100-L aliquot of
the highly ethoxylated C12EO:n(average) was mixed
with a 900-L aliquot of 10-mM cation solution, which
led to the 10 times dilution and the 5 times molar excess
of cation.
(2) C12EO:n (5–8)–crown-ether–alkali-metal ion mix-
tures: A 100-L aliquot of one of the pure C12EO:n and a
100-L aliquot of one of the crown ethers (12, 15, and
18 crowns) were dissolved in a 800-L aliquot of one
of the alkali-metal ion solutions, which led to 10 times
dilution for individual polyether compounds and 5
times molar excess of one of alkali cations (Li, Na,
and K). In the same way, the samples ready
for injection in several different combinations were
prepared.
Molecular Modeling Simulation
Molecular mechanics/dynamics calculations were per-
formed using CHARMM29 (Chemistry at Harvard
Macromolecular Mechanics) program [23]. The force
field for polyoxyethylene developed by Tasaki [3],
having developed for optimizing helical conformations
of POE in aqueous phase in consideration of water
molecules, was applied to the present gas-phase calcu-
lations. Since the parameters for the hydroxyl end-
residue have not been included in Tasaki’s set, those
parameters were taken from the CHARMM29 parame-
ter set. The conformational optimization was performed
on the model POE surfactants of C12EO:7, 12, and 15
with and without including Na, K, or H. Several
initial structures of the polyoxyethylenedodecylether
were constructed by changing the dihedral angles of
OC–CO and CO–CC, and then they were minimized to
investigate the lowest energy conformation. The basic
initial structure was taken from a helical structure,
which has OC–CO and CO–CC of gauche and trans,
1916 YOKOYAMA ET AL. J Am Soc Mass Spectrom 2007, 18, 1914–1920respectively, [3]. Then, several other initial structures
were constructed by changing the dihedral angles in the
range of 30° from the basic helical structure.
Results and Discussion
Relative Cation Affinity of POE Oligomers
Figure 1 shows typical ESI mass spectra of (a) C12EO:5,
(b) C12EO:6, (c) C12EO:7, and (d) C12EO:8 measured
with addition of five kinds of alkali-metal cations,
which look well indicating the difference in cation
affinity of the POE surfactants. Since the mole of each
cation added to the sample was equally excessive to the
individual surfactants, the relative peak intensity of the
cationized molecules observed in the mass spectra
could show the relative cation affinities. This resem-
blance of the mass spectra between C12EO:5 (Figure 1a)
and C12EO:6 (Figure 1b) may indicate that the C12EO:n
surfactants having smaller EO unit number less than
n  6 can have similar affinity to the alkali cations. The
potassiated molecules ([M  K]) dominated in all
mass spectra. This can suggest that the potassium-ion
affinity of the POE oligomers is significantly high and
probably independent of the chain length, which can
lead to the estimation that the potassium ions can fit the
POE helical cavity by size matching. This is very similar
to the well known fact that potassium ion can be
included selectively in the electron-rich hole of 18-
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Figure 1. ESI mass spectra of C12EO:n cationiz
m/z 429 [M  Na]; m/z 445 [M  K]; m/z 491 [
[M Li]; m/z 473 [MNa]; m/z 489 [M K]
(m/z 501 [M  Li]; m/z 517 [M  Na]; m/z 533
(d) C12EO:8 (m/z 545 [M  Li]
; m/z 561 [M  N
[M  Cs]).crown-6 by size fitting [26]. In contrast, the cesiatedmolecules ([M  Cs]) were relatively less abundant
than other cationized molecules, probably because of
too large ionic diameter.
Figure 2a shows the relative abundances of cation-
ized molecules of C12EO:n versus cation diameters
listed in Table 1, summarized by adding up the peak
intensity data from the individual mass spectra such as
shown in Figure 1. Although there was some difference
in the ion abundance, each alkali-metal cation could
produce the cationized C12EO:n (5–8), probably by
forming a stable helical conformation including cation.
As can be seen in Figure 2a, the longer POE chain can
include the larger cations.
On the other hand, the ESI mass spectra of crown
ethers exhibited the individual alkali-cationized mole-
cules, which were very specific compared with those of
cationized C12EO:n. Figure 2b shows the relative ionic
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alkali cations. (a) C12EO:5 (m/z 413 [M  Li]
;
Rb]; m/z 539 [M  Cs]), (b) C12EO:6 (m/z 457
535 [M Rb]; m/z 583 [M Cs]), (c) C12EO:7
K]; m/z 579 [M  Rb]; m/z 627 [M  Cs]),
m/z 577 [M  K]; m/z 623 [M  Rb]; m/z 671
Table 1. Ionic diameters of alkali cations [24] and hole
diameters of crown ethers [25]
Alkali cation
Ionic diameter
(pm) Crown ether
Hole diameter
(pm)
Li 120 12-crown-4 120150
Na 190 15-crown-5 170220
K 266 18-crown-6 260320
Rb 296
Cs 338In
Int
ed by
M 
; m/z
[M 
a];abundances of the cationized crown ethers versus the
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significantly abundant their cesiated molecules ([M 
Cs]), as seen in Figure 2a, 18-crown-6 produced less
abundant cesiated molecules. Similarly, 15-crown-5 and
12-crown-4 both exhibited less intense peaks of their
[M  Rb] and [M  Cs]. 18-Crown-6 showed the
specific selectivity to potassium ions, and similarly both
15-crown-5 and 12-crown-4 showed the specificity to
sodium ions. The results can suggest that the POE
chains are not so selective to alkali cations, probably
because of forming flexible helical structures, while the
cyclic POEs are very selective because of their rigid ring
structures. The hole diameters of the crown ethers
examined in this work are too small to hold larger
cations such as Rb and Cs (see Table 1).
Clearly the cation affinity of the POE oligomers is
very similar to that of 18-crown-6. In other words, the
sectional diameter toward the axis of the helical POE
chain is very close to the hole diameter of 18-crown-6.
The big difference between them is that the crown ether
can include the best-fitting cation into the hole but POE
chain can change the helical conformation according to
the size of the guest cation. Since the pitch distance of
the helical turn seems to be variable or flexible in
accordance with the diameter of the cation, the C12EO:n
Figure 2. (a) Relative ionic abundances of C12EO:5 (), 6 (), 7
(‘), and 8 () cationized by alkali-metal ions. (b) Relative ionic
abundances of 12-Crown-4 (), 15-Crown-5 (), and 18-Crown-6
() cationized by alkali-metal ions. The cation diameters (horizon-
tal axis) are referable to Table 1.(5–8) can include larger Rb and Cs ions (Figure 2a)but 18-crown-6 can not include such too large cations
(Figure 2b).
Comparison of Cation Affinities Between Helical
and Cyclic Polyethers
In the cases coexisting C12EO:n and crown ether in
equal molar concentration, each mass spectrum was
dominated by the cationized C12EO:n rather than cat-
ionized crown ether. This can indicate that the cation
affinity of helical POE is significantly higher than that
of cyclic POE, although the cation selectivity of crown
ether was significantly higher than that of POE
surfactants as described above (Figure 2). The K
affinity of C12EO:5 was 2.5 times higher than that of
18-crown-6, both having six oxygen atoms. The po-
tassiated C12EO:8 was about five times more stable
than the potassiated 18-crown-6. In addition, signifi-
cant peaks of potassiated 12-crown-4 were not ob-
served in every mass spectrum, probably because the
K affinity of 12-crown-4 was considerably less than
that of POE. Similarly, the Na and Li affinities of
C12EO:n (5–8) were 1.7  10 times or more higher
than those of crown ethers.
The clear and significant difference in cation affini-
ties between C12EO:n (5–8) and crown ether is probably
owing to the difference in flexibility between their
stereo structures. The POE chains can change their
helical pitches flexibly according to the cation size,
leading to a stable conformation. In contrast to this,
cyclic polyethers having less flexible ring structure can
provide high specificity to alkali cations due to their
particular size selectivity.
Critical EO Unit Number Necessary for Forming
Multiply Charged Cationized Molecules
As the EO unit number increased, the ESI mass spectra
could exhibit the multiply charged C12EO:n(average)
cationized by alkali metal ions in addition to their
singly cationized molecules. Figure 3 shows the typical
mass spectra of (a) C12EO:13(average) and (b) C12EO:
40(average) both cationized by K, in which two series
of peaks can be recognized clearly between m/z 300 and
1000. Figure 3a exhibited the serial peaks of singly
potassiated C12EO:n (2–17) with 44 u intervals and
doubly potassiated C12EO:n (15–24) with 22 u intervals.
The most intense peak atm/z 577 is corresponding to the
potassiated C12EO:8. In a similar fashion, Figure 3b exhib-
ited the serial peaks corresponding to the [M  3K]3 of
C12EO:n (27–43) with ca. 15 u intervals in addition to
those of [M  2K]2 with 22 u intervals, but exhibited
less intense peaks of [M  K]. Similarly, the mass
spectra of C12EO:40(average) cationized by Li
, by Na,
by Rb, and by Cs clearly exhibited their respective
doubly and triply cationized molecules. However, the
triply cesiated molecules were not observed under the
1918 YOKOYAMA ET AL. J Am Soc Mass Spectrom 2007, 18, 1914–1920working condition, probably owing to the excessively
large ionic size.
We would introduce the critical EO unit numbers
necessary to start producing the multiply cationized
molecules, which were very dependent on the guest
cation diameters as summarized in Table 2. Although
the diameter of Li is significantly smaller than that
of Na, Li required almost the same critical EO unit
numbers as Na needed, i.e., 12 and 24. This is
consistent with the estimation that the size selectivity
of the helical POE is less specific than that of the
cyclic POE. The differential critical unit numbers
between the doubly and triply cationized molecules
were 12 by Li and Na, 13 by K, 14 by Rb, and 15
by Cs. Since the electrostatic repulsive forces gener-
ating between alkali cations seem to be independent
of the elements because of the same charge, such
additional increase in the EO unit number is probably
owing to the increase in ionic size. This can lead to an
idea that the POE helix including alkali cations can
adjust their helical conformation three-dimensionally
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Figure 3. ESI mass spectra of (a) C12EO:13(ave
K. “M” denotes individual C12EO:n(average) mto just fit the cation size.Characteristic Difference in Structure
of Protonated POE Surfactants
Figure 4 shows the mass spectra of (a) C12EO:13 (aver-
age) and (b) C12EO:40(average) both protonated by add-
ing trifluoroacetic acid as protonation agent. Singly, dou-
bly, and triply charged protonated C12EO:n ([M  H]
,
[M  2H]2, and [M  3H]3) were observed through
the two mass spectra, but their peak intensities were
significantly less than those cationized by alkali-metal
ions. This suggests, therefore, that the proton selectivity
of the POE surfactants is significantly less than the
cation affinity under the ESI conditions. In addition, the
700 800 900 m/z
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Table 2. Critical EO unit numbers for alkali-metal ions
Alkali cation Double adduct Triple adduct
Li 12 24
Na 12 24
K 15 28
Rb 17 31
15
639
21
623
63
 8
rage
olecCs 19 34
(a) C
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were less abundant probably because of only forming
unstable conformations.
The critical EO unit numbers necessary to start
producing the doubly and triply protonated molecules
were 16 and 30, respectively, although the size of proton
is fairly smaller than those of alkali cations. This may
suggest that the helical conformation of POE oligomers
can be destroyed by additional covalent bonding such
as hydrogen bonds to the heteroatoms.
Molecular Mechanics/Dynamics Calculations
Figure 5 shows an energy optimized gas-phase confor-
mation of C12EO:15 including two potassium ions (a)
and a snapshot from their molecular dynamics simula-
tion (b). According to the energy optimization, two
potassium ions each at an interval were centrically
coordinated to six oxygen atoms helically arranged in
the POE moiety (Figure 5a). The dodecyl end-group
could only place toward outside of the helix and little
affect the helical conformation.
On the one hand, the molecular dynamics simulation
clearly indicated that C12EO:15 could continue to hold
two potassium ions in the POE moiety for 200 ps,
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Figure 4. ESI mass spectra of both protonatedwhereas C12EO:12 could hold only one potassium ionbut could hold two sodium ions. This is very consistent
with the critical EO unit numbers described above. The
dynamic structures of C12EO:15 containing two potas-
sium ions were somewhat different from those obtained
through the energy optimization. Since the distance
between the two cations was a little extended, the POE
moiety with two cations came to take a dumbbell-like
conformation. In addition, the POE conformation was
independent of the alkyl end-group. The dodecyl end-
group could only approach the intermediate EO moiety
of a little stretched helical POE, as shown in Figure 5b,
which was probably due to hydrophobic interaction.
Therefore, such theoretical molecular modeling sim-
ulations are very indicative of the experimental findings
mentioned above. Since one helical turn consisting of 6
EO residues can be recognized in the simulation, the
apparent inner diameters of the horizontal section of
the helical structure when including K are thought to
be similar to the hole diameter of 18-crown-6.
Conclusions
Although many articles describing cation affinity of
PEGs have been published for the last few decades
[13–22], we have first presented the differences in cation
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host-guest interaction between the helical POE moiety
and alkali cations was inferred experimentally and
theoretically. The potassiated C12EO:n is the most stable
in gas-phase, and one helical turn of the POE chain
must be comprised of six consecutive oxyethylene
units. The critical EO unit numbers introduced by this
study can well explain the similar results from electro-
hydrodynamic ionization of PEGs by Cook et al. [13].
The molecular mechanical/dynamics simulation could
provide very helpful results indicative of the POE helical
conformations with alkali cation(s). However, the calcu-
lated thermochemical data for the protonated molecules
were inconsistent with the experimental results; that is, the
protonated POE surfactant should be thermodynamically
more stable than the alkali-cationized molecules. Such
inconsistency may come from the fact that the molecular
mechanics/dynamics calculation can simulate chemical
interactions without charge migration but cannot demon-
strate chemical reactions such as protonation forming a
new covalent bond. Therefore, it seems difficult to ratio-
nalize thermochemically our experimental findings that
the alkali-cationized POE surfactants are more stable than
their protonated molecules, which is consistent with the
earlier Cook’s results [13]. Contrary to this, the molecular
modeling simulation has proved that the stability in
helical conformations of cationized POE surfactants can
Figure 5. A potential minimum structure (a) and a snapshot (b)
from the molecular dynamics simulation for doubly potassiated
C12EO:15, both depicted orthographically. Carbon atoms are
shown in gray, oxygen atoms in red, and K ion in green.arise from the highly size-dependent host-guest interac-tions based on Coulomb and van der Waals forces. From
the ionic structure viewpoint, such cationized molecules
may be expressed as [M  K].
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